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Abstract
The management of emergency situations generated by natural or man-made disasters is a worldwide 
critical task for both public and private entities. In Romania, seismic hazard represents one of the most 
dangerous threats, in terms of potential physical and socio-economic losses. In recent years, taking 
advantage of the new technology developments and increase of the computational power, significant 
improvements have been done for seismic risk mitigation, using automatic systems and real-time 
data. There are two main institutions that perform real-time seismic monitoring of structures in 
Romania: INFP and URBAN-INCERC. A system for rapid damage and loss assessment (Seisdaro) is 
currently running at INFP, using post-earthquake generated ShakeMaps, while URBAN-INCERC is in 
the process of implementing a structural health monitoring system for instrumented buildings in its 
network, based on the ARTeMIS software. A brief history on the evolution of seismic monitoring of 
building structures and rapid seismic loss assessment in Romania will be presented. The paper also 
covers general lessons learned from previous earthquakes that affected the country, data regarding 
past and present exposure datasets, country-specific fragility functions and various methods and 
algorithms used for structural health monitoring over the time. Through international and national 
projects, constant improvements have been done regarding the seismic monitoring of structures and 
loss estimation. The roadmap for future developments involving the main institutions in charge of the 
seismic risk reduction, including research, academia and authorities, will be also outlined. Finally, given 
the complex situations revealed by the pandemic and its potential conjunction with other hazards, 
some reflections are presented about new multi-disciplinary methods and concepts that should be 
developed, implemented and tested, taking into account more variables such as: social vulnerability, 
influence of transportation networks and hospital capacities. The validation of these methods should 
help both private and public entities to increase life safety, to reduce economic losses and downtime.
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1	 Introduction

Seismic monitoring of structures has become a topic of interest for both public and pri-
vate entities willing to determine and track the integrity of structures over time and to 
increase their serviceability.
Given that in Romania (especially Bucharest) a large number of buildings were designed 
in non-compulsory seismic design code periods (more than 40 % of residential buildings 
at national level and more than 44 % in Bucharest constructed before 1960, according 
to the 2011 National Census), the preparation and large-scale implementation of moni-
toring and rapid damage assessment tools can prove crucial for assisting specialists 
and decision-makers in strategically establishing and prioritizing the retrofit of affected 
building stock. 
The paper presents an overview of the current status of Structural Health Monitor-
ing (SHM) and rapid seismic loss estimation in Romania. Finally, future short-term and 
long-term perspectives will be highlighted, given the collaborative involvement of the 
National Institute for Earth Physics (INFP) and the National Research and Development 
Institute for Building, Urban Planning and Sustainable Spatial Development (URBAN-
INCERC) in research projects and in a coordinated effort to improve the legislation in 
the field. 

2	 Seismic monitoring of structures

A critical activity for a seismic country is to monitor and track the condition of its build 
environment, in order to ensure the life safety of the population and recovery after an 
extreme event. The necessity of this type of data has proved beneficial both in the re-
search studies, but also in emergency situations, including some that occurred recently 
[1, 2]. The economic considerations, as discussed in [3] play also an influential role. The 
condition assessment of aged structures is more and more becoming a critical issue for 
civil infrastructures, especially when developing life-extension and replacement strate-
gies. The initial added cost of the monitoring system and its maintenance are expected 
to prevent much greater subsequent investments in the construction and operability of 
structures. The direct benefits of such a system include, among others: real-time moni-
toring and periodical reporting or reporting after extreme events; assistance in post-
earthquake building inspection; reduction in downtime (business continuity); reduced 
long-term maintenance cost; increased safety and system reliability.

2.1	Brief history and developments

The research in the field of SHM, was initiated back in the ‘70s, with a special focus on 
the aerospace and gas exploration industry. However, at that time, a significant discrep-
ancy could be noticed between theoretical concepts and their practical applicability, due 
to the lack of standardisation. 
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In Romania, SHM using experimental recorded data has a rather long history, start-
ing in the 1960’s, when various buildings were instrumented for scientific purposes. 
The data collected before and after the MW=7.4 1977 earthquake [1], revealed that low 
damage was associated with an increase of natural periods up to 25 %, light damage 
may increase periods with 25 - 50 %, while systematic and significant damage resulted 
in the increase of fundamental periods by more than 50 %. [4]. The seismic monitoring 
of structures has recently gained additional momentum with the inclusion of specific 
provisions, first in the 2006 edition of the Romanian seismic design code, P100-1/2006 
[5] and then in the current edition, P100-1/2013 [6]. As stated in the code, instrumen-
tation should be done for buildings in the first importance-exposure class, as well as for 
buildings higher than 45 meter above ground level, in areas where the design value of 
the peak ground acceleration is equal to 0.25 g or greater. Moreover, a Ministerial Order 
from 2005 requires that all the public institutions and private entities instrument their 
buildings if those are more than 50 meter-high, have more than 16 stories or have a 
developed area of more than 7500 m2.
There are two main institutions that perform real-time seismic monitoring of struc-
tures in Romania: URBAN-INCERC and INFP. Building instrumentation has been used 
at URBAN-INCERC for SHM ever since the late 1960s. In the recent years, INFP has 
also started a campaign to instrument some representative structures in urban areas, 
in order to have a better understanding on their response to earthquakes and ambient 
vibrations. Another important institution that is working on this topic is the Technical 
University of Civil Engineering Bucharest, UTCB. During the JICA (Japan International 
Cooperation Agency) project, UTCB has instrumented four representative buildings [7], 
two of those being the Romanian National Television, TVR (14 storey-high), and the 
BRD-SG Tower (20 storey-high). Several studies, consisting in detailed time-domain 
and frequency-domain analyses were conducted for the latter, a reinforced concrete 
building located in Bucharest. Demetriu and Aldea [8] have investigated the variation of 
the modal frequencies of the building from ambient vibration data and earthquake data. 
The soil-structure interaction (SSI) effect was also highlighted, using free-field stations 
located close to the building and borehole data. [9]. In 2013, in a study conducted by 
Perrault et al. [10], the experimental data acquired from the BRD-SG Tower were used 
to reduce the uncertainty of the single-building fragility curve. To achieve this goal, the 
earthquake data were input in an algorithm for the validation of building model, based 
on the Timoshenko beam approximation.
Another structure instrumented by UTCB was the Faculty of Civil, Industrial and Agri-
cultural Buildings (FCCIA) of this university. The numerical model was validated with ex-
perimental data recorded during ambient vibration monitoring sessions. The SSI effect 
was also investigated, slight soil structure interaction effects being reported, with no 
significant numerical effect, however [11]. Besides the main institutions above, there 
are also a few SHM initiatives from the private sector, still in their incipient stage. 
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2.2	Current status of SHM in Romania

The National Network for the Seismic Monitoring and Protection of Building Stock of 
URBAN-INCERC consists of 26 stations (brown squares, Fig. 1), located in low-, medi-
um- and high-rise buildings; with 20 of these being accessible online. Part of the build-
ings have sensors both in the basement (or on the ground floor) and at the top, while 
some of them have sensors installed only on the ground floor. 

Figure 1. �The current map of the seismic stations installed in buildings, by URBAN-INCERC and INFP in 
Romania and a detailed picture of Bucharest

In what concerns SHM performed by INFP, up to now, there are five instrumented struc-
tures that transmit real-time data to the INFP`s National Data Center, while five more 
buildings were instrumented recently (in 2020) in the framework of the EU-funded 
TURNkey Project. The real-time data acquisition and archiving is performed using the 
Seiscomp3 system. The instrumentation scheme consists mainly in accelerometers lo-
cated at the ground (or basement) level, at an intermediate floor and on the roof, thus 
being able to capture the global response of the building (Fig. 2).
The monitoring system is used, at INFP, for: determining the dynamic characteristics 
of the structure (natural frequency, damping) and their evolution over time; rapid auto-
mated determination of earthquake engineering parameters: time series for accelera-
tion, velocity and displacement or peak values (PGA, PGV and PGD), response spectra, 
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Fourier spectra and spectral reports (Fig. 3), CAV, Arias or Housner Intensity etc. Based 
on this data, studies on the dynamic characteristics of buildings from ambient vibration 
data were conducted in [12] as well as on the earthquake data recorded on the instru-
mented buildings from the last moderate earthquake (Oct 28th, 2018), as described in 
[13].

Figure 2. Example of an instrumentation setup and of time-histories recorded during an earthquake

Another tool that is used to perform seismic monitoring of structures at INFP is the 
Bighorn module. This module is an extension module of the Antelope package that per-
forms real-time computations of spectral acceleration exceedance and issues alarms 
accordingly. The idea is to compare the strong motion response spectra to a set of ex-
ceedance limit spectra and issue an alarm based on the level of exceedance. The testing 
of this procedure and a case-study on Bucharest is presented in [14], for the Oct 28th 
2018 earthquake. The reporting services are currently performed in an offline environ-
ment, but an online platform to be used for rapid analysis is currently under develop-
ment at the level of INFP.
At URBAN-INCERC, SHM is conducted by using the ARTeMIS Modal Pro software (Fig. 
4), which is currently in process of implementation within an experimental project for 
the real-time damage detection in buildings [15,16]. ARTeMIS Modal performs Opera-
tional Modal Analysis, Experimental Modal Analysis and Operating Deflection Shapes 
analysis, including, in addition, various plug-in modules for SHM. Among these, the 
Damage Detection module, developed for long-term monitoring, identifies changes in 
the dynamic behavior of the structure, while allowing it to be set up to ignore influ-
ences of ambient conditions on the monitored parameters. Notifications can be sent 
automatically by sound, e-mail or web services when a specified control value has been 
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exceeded, warning about potential damage in the structure. A Modal Parameter History 
module and a Drift Analysis Module are in operation as well, for more in-depth analyses 
of the evolution of structure state and behavior.

Figure 3. �Example of analysis performed on data recorded on structures (ambient vibration and 
earthquakes)

Figure 4. �Use of ARTeMIS software at URBAN-INCERC for the structural monitoring of a multi-story 
building. 
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3	 Rapid earthquake loss estimation 

For operational purposes, INFP, along with UTCB and NORSAR Institute focused on 
developing a system capable of automatic and rapid estimation of earthquake losses 
(entitled Seisdaro), based on ShakeMap and methods for estimating building damage 
analytically. Seisdaro became operational at INFP in 2011, contributing to the decisional 
process within Inspectorates for Emergency Situations. The first version of Seisdaro 
[17] allowed the estimation of building damage and population losses in the Roma-
nia - Bulgaria cross-border region, using SELENA software [18]. Since then, Seisdaro 
has been under continuous development and improvement, providing since version 3 
national coverage. 

Figure 5.� Example of webGIS operational dashboard created for a scenario of the 4 March 1977 earthquake; 
this is one of the representation forms for ShakeMap and Seisdaro output, for authorities

Its current version (3) was implemented in 2017 [19] and it allows the rapid estimation 
of affected buildings and socio-economic losses generated by earthquakes ≥ 3.0 ML in 
Romania and nearby, using two modules:
-- PAGER: using the USGS PAGER methodology [20], customized for Romania;
-- SELENA: estimates, at commune/city/sector level, the number of residential build-

ings damaged (using The Improved Displacement Coefficient Analytical Method) and 
the number of casualties. The estimation is based on capacity and fragility functions 
from HAZUS-MH or RISK-UE Project [21], for more than 49 national representative 
building typologies.

Both modules use input enhanced exposure data from the Romanian Population and 
Housing Census in 2011, intensity measures and earthquake parameters from the 
Earthquake Early Warning System (REWS) or ShakeMap systems of INFP, which use 
data from the Romanian Seismic Network. 
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Results, in the form of maps, graphs, GIS data and webGIS dashboards (Fig. 5), are gen-
erated, after receiving input data from REWS or ShakeMap, in 10-15 seconds (PAGER 
module) and 2-3 minutes (SELENA module). This means that all results (for both sets 
of input data) are generated typically in less than 15 minutes after a moderate or major 
earthquake.
Seisdaro can be used also in earthquake simulation conducted by the authorities in the 
emergency management field, helping them quantify the needs and improve proce-
dures of intervention. An example was the SEISM 2019 national earthquake exercise. 
Also, Seisdaro was applied for the analysis of Bucharest at sector level [22] and at cen-
sus tract level [23].

4	 Discussion and perspectives 

By combining the two methodologies, seismic monitoring of structures and state-of-
the-art loss estimation methodologies, a rapid and informed response to earthquake 
and the mitigation of seismic risk can be achieved. The improvement of the loss es-
timation methodologies, by taking into account more specific seismic design levels 
provided by the code, country-specific modern fragility curves, data from more seismic 
stations and improved ShakeMap methodology relying on new ground motion models 
and weighting schemes is also a necessity in order to reduce the uncertainty of the loss 
estimations. A larger number of buildings, representing different typologies (material, 
structural system, height regime and construction period) should be instrumented. Giv-
en that Bucharest is the most endangered city, a customized ShakeMap and a custom 
loss estimation system, using a new SELENA version, new fragility functions and loss 
estimation methods will be implemented for this area, within the TURNkey project. For 
Seisdaro version 4, which is under development, multiple improvements are planned, 
among which:
-- new exposure and vulnerability models compatible also with the European seismic 

risk model (ESRM) 2020 [24] and with OpenQuake input requirements;
-- new ground motion models.
-- integration of the P100-1/2013 response spectra and of a 8 values spectral accel-

eration spectrum for real-time computations, as included in SELENA version 6.5;

Given the influence of the atmospheric condition on the dynamic parameters of struc-
tures, as observed in previous studies [25, 26], a case-study building will be instru-
mented with both seismic sensors and a meteorological station, in the framework of 
the PREVENT project. The aim is to observe the influence of the atmospheric condition 
on the dynamic parameters of structures. Moreover, by using both low-cost and profes-
sional sensors, a complex structural identification will be possible. 
In conjunction with the advances in research, a critical aspect is to update and to align 
the official technical codes and guidelines to the latest international practice. The devel-
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opment of a national guideline regarding the SHM will be necessary, with clear require-
ments regarding the instrumentation, installation procedures, acquisition, processing 
and reporting. Recently, a number of private companies have started using commercial 
softwares to perform seismic monitoring of structures. An effort should be made to fa-
cilitate the data access and harmonize the processing tools, so that after an earthquake 
to be able to evaluate how different types of structures respond to the seismic move-
ment and what are the expected damage states.

5	 Conclusions

The efforts done in the last years regarding the large-scale use of SHM and rapid loss 
estimation methods were merely individual initiatives, lacking a close communication 
and collaboration between public authorities and private entities. However, this situa-
tion has to be overpassed and much greater and consistent coordinated efforts should 
strengthen and enhance the outcomes of these activities, in order to add value to the 
current status. Given the tectonic setting of the Vrancea region and the intermediate-
depth earthquakes characteristics, more country-specific studies need to be performed. 
In addition, the frequency content of the ground motion, specific for Bucharest in case 
of large Vrancea earthquakes, and its effect on different building typologies, needs fur-
ther investigations. As stated in the previous sections, the economic benefits of such 
a system were already proven efficient in other countries, so the use of this modern 
tool should be better exploited in Romania, in the near future, to prepare for potential 
destructive earthquakes that could hit the country.
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